Abstract : The global positioning system (GPS) is a 3D positioning system using space satellites. It provides location information for navigation systems, location surveys, and so on. GPS uses two types of measuring methods; stand-alone positioning and relative measurement using another receiver with a known position. We focus on the method called differential GPS (DGPS), which is a relative measurement technique, because the measurement accuracy of DGPS is generally better than that of stand-alone positioning. However, when the baseline used in DGPS becomes long, the positioning error increases. Therefore, we propose to improve the accuracy in the measurement of the long baseline DGPS. For precise positioning by the long baseline DGPS, we use weighting coefficients of the elevation angle to satellites in the calculation and correct DGPS-specific bias errors by the proposed method. It is shown that we succeed in improving the measurement accuracy of the long baseline DGPS.
Introduction
The global positioning system (GPS) is a 3D positioning system using space satellites. It provides location information to navigation systems, location surveys, and so on. GPS mainly uses two types of measurement methods; stand-alone positioning and relative measurement using another receiver with a known position [1] . The differential GPS (DGPS) is a relative measurement technique with which we can accurately measure our positions using error information from a reference station. However, it is possible only when the baseline is short and within a radius of about 200 km because, in DGPS, it is assumed that a user and a reference station have the same errors in each satellite. That is, the measurement accuracy deteriorates when the baseline becomes long.
Currently, about 1200 electronic reference points exist, covering most of Japan. We are able to use these points as reference stations. However, DGPS has a problem; when the baseline becomes long, the positioning error becomes large [2] - [5] . At present, DGPS is mainly used along the coast by the Japan Coast Guard, but it is used only within about 200 km of the land [6] . That is, we cannot use DGPS when the distance between the receiver and the reference station is 200km or more. If DGPS could be used far from the coast, it could provide information for navigating the best sea route. Thus, we need to correct the user error in a wide area using a single reference station.
Therefore, we propose to improve the accuracy in the measurement of the long baseline DGPS with a single reference station. For precise positioning by the long baseline DGPS, we use weighting coefficients of the elevation angle to satellites in the calculation and we correct bias errors. The weighting coefficients are effective in reducing the positioning gap caused when the number of satellites changes [7] . We use this method as we focused on the large pseudo range error of low-elevation satellites, especially in DGPS. We show the improved results with the proposed DGPS method comparing to the conventional DGPS method and the stand-alone positioning. We also consider the usefulness of the proposed DGPS method.
Principle

Positioning Calculation of SAP
First, we describe the method of positioning calculation in the case of stand-alone positioning (SAP). To determine a user's position, we need to calculate the distance between a receiver and each GPS satellite. Three-dimensional coordinates of satellites (x si , y si , z si ) are sent to the receiver to represent the distance between a receiver and each GPS satellite as follows.
In equation (1), i is the satellite number, r i is the distance between a receiver and each GPS satellite, c is the velocity of light, Δt is the transmit time, (x, y, z) are the receiver's coordinates, and s is the user's clock error. Thus, we have four unknown quantities: x, y, z and s. For positioning, we need to receive a signal from at least four satellites.
To solve equation (1), the sequential computation method (Newton's method) by repetition is actually general because the simultaneous equation of equation (1) is a nonlinear equation including the square root. In this method, unknown quantities are represented by the sum of the default and correction values.
In equation (2) 
each pseudo range is represented as follows:
When we multiply the transposed matrix of matrix A from the left and calculate this equation, we get the following result.
We can obtain the positioning point by calculating equation (5) until δX becomes small enough. When we use more than four satellites, to reduce the influence of satellites with a large error, we can use weighting coefficients associated with the pseudo range. The matrix of weighting coefficients W is as follows.
In equation (6), w i is the standard deviation of an error included in the pseudo range. We multiply matrix W by equation (4) from the left before multiplying the transposed matrix of matrix A from left the left, and we obtain.
Positioning Calculation of DGPS
Next, we describe the principle of DGPS positioning calculation. This principle is exactly the same as that of SAP, but DGPS can use correction data from a reference station at a known location. We show how to calculate this correction data and how to make the correction.
In equation (8) , ρ i r is the pseudo range between a reference station and the i-th satellite, r i r is a geometric range calculated from the coordinates of a reference station and a satellite, and PRC i is the range error. PRC i includes the clock error of a satellite and a reference station, ionosphere delay error, troposphere delay error, and noise error. In equation (9) ρ i u is the pseudo range between a user and the i-th satellite, and ρ i u is the corrected pseudo range. When we calculate a user's position, we use ρ i u of each satellite. In DGPS, the clock error of each satellite can be entirely removed. The ionosphere delay error and troposphere delay error can be almost entirely removed when the baseline is an short enough. The clock error of a reference station is calculated as an unknown quantity. In the case of an ideal short baseline, we can remove all error factors, except for other errors such as noise.
Method
DGPS Measurement Using Weighting Coefficients
In general, weighting coefficients are determined by the standard deviation of an error included in the pseudo range [8] . However we propose a method in which these are determined by each satellite's elevation, because we have found the relationship between the satellite elevation angle and the pseudo range. We thought that a weighting coefficient that depends on the transmission line length (pseudo range) was necessary because the corrective effect of the transmission line is high in DGPS. We show the relationship between the satellite elevation angle and the pseudo range in Fig. 1 . This is the result of experiments conducted on the roof of a school building at Keio University. Figure 1 demonstrates that the higher the elevation angle is, the shorter the pseudo range. In addition, we observe that the pseudo range curve is close to a quadratic function when the satellite elevation angle was high (more than about 45 degrees), while the pseudo range curve was close to a linear function when the satellite elevation angle was low (less than about 45 degrees). Therefore, we formulated four types of weighting coefficient models considering these features. We consider the weighting coefficient of a low-elevation satellite becomes smaller than that of a high-elevation satellite. Figure 2 shows the linear function model, Fig. 3 shows quadratic function model I, Fig. 4 shows quadratic function model II, and 
In equation (10)- (13), w is the weighting coefficient, and e is the elevation angle. w is calculated from the elevation angle of each satellite.
Correction of Bias Error
In the DGPS measurement, we can say that the accuracy depends on the baseline. In fact, we bore this out by our experiment. However, we discovered a relationship between the baseline and the bias error. It is an almost linear relation-the longer the baseline is, the larger the bias error becomes. This is demonstrated in Figs. 6 and 7. These data indicate the results of our measurements, which were conducted in different seasons, i.e., in the months of May, August, November, and December.
Before we describe the proposed method, we explain the bias error. This is an average of the lat/long direction (2D) positioning error for a given length of time. We found that the bias error appears in the opposite direction from a reference station.
To reduce the bias error, we derived the following model formulas.
(15)
x i and y i are the latitude and longitude of the measurement result in DGPS, respectively. x 0 and y 0 are the latitude and longitude of a reference station, respectively; the units are degrees (deg.). t is the time of the observation, and t 0 is the time when the correction value is calculated. In fact, t and t 0 are almost the same. We derived these formulas from approximation of a linear function by the least squares method. Thus, the measurement point is corrected for the relative position of a reference station and a user.
Experiment
A GPS antenna was set up on the roof of Keio University Yagami Campus as the user. Its position is shown in Table 1 . Electronic reference points were used as reference stations. They are managed by the Geographical Survey Institute, and their data were obtained from the Internet [9] . We show the position of the electronic reference points used in the experiment in Table 2 .
The receiver was an RT-2(OEM5) made by NovAtel Incorporated. The data were collected every 30 s from May 17 to 18, 2007 (GPS time: 379410 [s] to 462180 [s]). We measured the position for about 24 h, and set ten degrees as the mask of the elevation angle.
Results
We first present the results when we measured the position using the weighting coefficients shown in Figs. 2-5 . Tables 3  and 4 show the results of 2drms using a variety of reference stations. Tables 5 and 6 show the bias error (distance between the Table 2 Position of the electronic reference points. Table 3 2drms using weighting coefficients 1. Table 4 2drms using weighting coefficients 2. Table 5 Bias error using weighting coefficients 1. Table 6 Bias error using weighting coefficients 2. Table 7 Average height error using weighting coefficients 1. measurement average of 2D to the true user receiver position). Tables 7 and 8 show the average height error.
From Tables 3 and 4 , we gather that the measurement accuracy is improved using weighting coefficients. In particular, the results of quadratic function model II (Fig. 4) and the com- Table 8 Average height error using weighting coefficients 2. posite quadratic function model (Fig. 5) are better. Next, from Tables 5 and 6 , we can infer that the composite quadratic function model (Fig. 5) produces the best result. We can say that the composite quadratic function model (Fig. 5) is the best weighting coefficient model. Second, we show the results of bias error correction. After measurement using weighting coefficients, we corrected the bias error. We used the composite quadratic function model as the weighting coefficients. Figure 8 shows the 2D error when the baseline is about 1000 km. For comparison, we show the results of SAP, conventional DGPS, and the proposed DGPS method. Figure 9 shows the relation between the baseline and the positioning error. We defined the positioning error as the sum of the 2drms and bias average errors. To compare the results easily, the result of each baseline was plotted, though SAP did not have a baseline. From Fig. 8 , we can conclude that the measurement accuracy of the proposed method is better than that of SAP, even when the baseline is about 1000 km. Moreover, compared with conventional DGPS, we succeeded in mitigating the bias error using the proposed method. From Fig. 9 , we gather that we can reduce the baseline-dependent positioning error by the proposed method. 
Discussion
DGPS Measurement Using Weighting Coefficients
We believe that we could improve the measurement accuracy by reducing the influence of low-elevation satellites using weighting coefficients on each satellite's elevation. In general, these satellites have larger errors than high-elevation satellites because the difference between the distance to a user and the distance to a reference station is greater. Further, we believe that the composite quadratic function model is the best weighting coefficient model because it decreases the influence of lowelevation satellites and increases that of high-elevation satellites.
Furthermore, we succeeded in slightly reducing the bias error; however, most bias error remained only in this method. Also, this method was ineffective against height errors.
Correction of Bias Error
The bias error for long baseline DGPS was larger than that for SAP. This error became larger as the baseline length increased. However, we found a relationship between the baseline and the bias error, and we successfully used it to reduce the bias error.
Finally, to verify the effectiveness of the proposed method, the experimental result on another day is shown below. The data were collected every 30 s from November 19 to 20, 2007 (GPS time: 110700 [s] to 196320 [s]). The rest of the experimental environment was as described in Section 4. We chose this experimental condition because we considered that the in- Table 9 2drms using weighting coefficients 3. Table 10 2drms using weighting coefficients 4. Table 11 Bias error using weighting coefficients 3. Table 12 Bias error using weighting coefficients 4. fluence of the ionosphere varied depending on the season, time, and so on. Therefore, from this experimental result, we can infer that the proposed method is always effective regardless of the influence of the ionosphere. Tables 9 and 10 show the results of 2drms using a variety of Table 13 Average height error using weighting coefficients 3. Table 14 Average height error using weighting coefficients 4. reference stations. Tables 11 and 12 show the bias error. Tables 13 and 14 show the average height error. Figure 10 shows the relationship between the baseline and the positioning error when we used the composite quadratic function model as weighting coefficients.
From these results, we can infer that the proposed method (in particular, correction of bias error) has general applicability.
Conclusion
We proposed two methods: DGPS measurement using weighting coefficients and a correction of bias error. In DGPS measurement, using weighting coefficients, we reduced the 2drms, and the best weighting model was found to be the composite quadratic function model. In the bias error correction, we reduced the baseline-dependent bias error. We succeeded in mitigating the positioning error caused by the baseline length using the two proposed methods.
